Nonalcoholic fatty liver disease (NAFLD) is one of the most common forms of liver disease worldwide and has emerged as a significant public health concern in China. A better understanding of the etiology of NAFLD can inform effective management strategies for this disease. We examined factors associated with NAFLD in two districts of Hangzhou, China, focusing on the relationship of regional body fat distribution, muscle mass, and NAFLD. We used baseline data to carry out a cross-sectional analysis among 3,589 participants from the Wellness Living Laboratory (WELL) China study, a longitudinal population-based study that aims to investigate and promote well-being among the Chinese population. NAFLD was defined using the widely validated fatty liver index (FLI). Multivariate logistic regressions were performed to assess independent associations between NAFLD and metabolic risk factors (e.g., insulin resistance) and dual x-ray absorptiometry ( 
N onalcoholic fatty liver disease (NAFLD) affects about 15%-30% of the world population and encompasses a spectrum of histologic liver changes, ranging from simple steatosis to nonalcoholic steatohepatitis, fibrosis, cirrhosis, and liver cancer. (1, 2) In addition to being one of the most common forms of liver disease worldwide, NAFLD is also a risk factor for several other chronic diseases, including chronic kidney disease, cardiovascular disease, and osteoporosis. (3) Premature mortality associated with NAFLD is due to both liver and cardiovascular deaths. (3) In recent years, the prevalence of NAFLD has also increased in Asia, (1) including China, where prevalence reaches 43.3% according to one population-based study conducted in Shanghai and seven other provinces in East China. (4) Therefore, a better understanding of the etiology of NAFLD is urgently needed to inform effective prevention and control strategies for NAFLD.
It has been reported that several cardiometabolic and age-related diseases, such as abdominal obesity, (5) type 2 diabetes, (5) insulin resistance, (6) and sarcopenia, (7) are closely associated with NAFLD. Different studies have reported separate associations among fat and muscle mass with NAFLD risk, (5, 7) but it is still unclear whether fat mass and muscle mass are independently associated with NAFLD. In addition, most studies that examined the relationship between body fat and NAFLD have used overall body fat, but based on a study that found strong associations of gynoid and android fat patterns with cardiometabolic risk factors, it is possible that differences in regional adiposity may be separately linked to NAFLD. (8) In this study, we assessed the independent associations between android fat mass composition, muscle mass, and NAFLD risk, using the fatty liver index (FLI), a widely validated index that has been used to assess NAFLD status.
Participants and Methods

stuDy population
In 2016, Zhejiang University and the Stanford Prevention Research Center, part of the Stanford University School of Medicine, collaborated to launch the Wellness Living Laboratory (WELL) China initiative. This longitudinal cohort study set in Hangzhou, China, aims to investigate and promote well-being among the Chinese population. The city of Hangzhou was selected as the site for the WELL China cohort because it has a mixed urban and rural population of over 7 million people, with stable infrastructure and engaged communities leaders who are committed to carrying out the study successfully.
(9) We chose to sample from two of the 10 districts in Hangzhou: the Xihu (West Lake) and Shangcheng districts. Together, these two districts have over 800,000 residents. There are two administration levels, subdistrict and community, within each district. To ensure representativeness of the study subjects and variation across age groups, permanent residents within all subdistricts and communities under each subdistrict were sampled. We also applied quota sampling (i.e., age and sex) within each residential area to reflect the population distribution. Eligible permanent residents aged 18-80 years were identified from residential listings (sampling frame). Community social workers from each district then visited each household to screen for eligible participants for the study. People with decisional or mental impairments were excluded. Pregnant women during the data collection phase were also excluded due to the required dual x-ray absorptiometry (DXA) screening. All eligible participants provided informed consent prior to enrollment and were invited to Zhejiang University for extensive data collection, clinical examinations, and biospecimen collection; 96.4% of those approached consented to the study. A total of 6,134 residents consented to the study, and all participated.
The inclusion criteria work flow of the NAFLD analysis of this cross-sectional study is shown in Fig. 1 . After excluding subjects with missing data on sociodemographic factors (n = 275; 4.5%), biomarkers (n = 26; 0.4%), DXA information (n = 113; 1.8%), and alcohol (n = 154; 2.5%) from our analysis as well as moderate (n = 131) and heavy (n = 863) drinkers, a total of 4,572 subjects of the initial 6, 134 remained for analysis. Among these, we stratified subjects into three groups based on their FLI index: "Yes NAFLD" (FLI >60), "Maybe NAFLD" (FLI 30-60), and "No NAFLD" (FLI <30). We chose not to include Maybe NAFLD in our final analysis as the 983 subjects in the Maybe NAFLD group did not have a significant effect on our outcome when we conducted a sensitivity analysis that included or excluded the Maybe NAFLD participants. A total of 3,589 subjects were included in our final analysis. The study was approved by the institutional review boards at both Zhejiang University School of Public Health and Stanford University.
Data ColleCtion anD CliniCal eXaminations survey Data Collection
In-person surveys collected extensive self-reported data, including demographic characteristics, such as age, sex, income, and educational attainment; lifestyle factors, such as smoking, drinking, and sleep behaviors; well-being-related data, such as social connectedness, stress and resilience, and emotional well-being; and health status, such as diagnoses of chronic conditions, including diabetes, hypertension, and cardiovascular disease.
anthropometry and Cardiometabolic measurements
Baseline anthropometric measurements, including height, weight, waist circumference (WC), and hip circumference (HC), were measured 3 times for each subject. For these variables, we used the average of the three measurements for analysis. Overall obesity was defined when body mass index (BMI) was ≥25 kg/m 2 , according to the World Health Organization (WHO) Asian standard. (10) Abdominal obesity was assessed by waist-to-hip ratio (WHR), which was calculated by dividing WC (cm) by HC (cm). WHR for each subject was categorized into three groups based on the WHO standard. (11) Men with a WHR <0.95 and women with a WHR <0.80 were categorized into low WHR. Men with a WHR between 0.96 and 1.0 and women with a WHR between 0.81 and 0.85 were categorized into moderate WHR. Men with a WHR >1.0 and women with a WHR >0.86 were categorized into high WHR. Metabolic syndrome (MetS) was defined according to the criteria of the International Diabetes Federation (12) for the Chinese population, i.e., central obesity (WC ≥90 cm for men and ≥80 cm for women) and at least two of the following factors: (1) serum triglycerides (TG) ≥1.7 mmol/L or ≥150.5 mg/dL; (2) serum high-density lipoprotein cholesterol <1.0 mmol/L or <38.6 mg/dL in men and <1.3 mmol/L or <50.2 mg/dL in women; (3) systolic blood pressure >130 mm Hg or diastolic blood pressure >85 mm Hg; (4) fasting plasma glucose (FPG) ≥5.6 mmol/L or ≥100.9 mg/dL.
DXa measurements
We used DXA to assess android fat mass and muscle mass. Whole-body DXA measurements were made with a GE Lunar Prodigy Scanner (General Electric Medical Systems Lunar, Madison, WI). A whole-body DXA examination included total body and regional measurements of the head, arms, legs, and trunk (includes ribs, pelvis, and spine) to analyze lean-and fat-mass tissue. The soft tissue analysis was performed using software version 11.40.004 supplied by the manufacturer. DXA scanning was applied in a supine position without any movement.
We used an android fat ratio (AFR) to define the distribution of android fat on the body. The android fat region, according to General Electric Medical Systems, included the lower boundary at the pelvis cut, the upper boundary above the pelvis cut by 20% of the distance between the pelvis and neck cuts, and the lateral boundaries at the arm cuts. (13) The AFR was calculated by dividing total android fat mass (g) by total fat mass (g). Muscle mass was defined by the skeletal muscle mass index (SMI), which was calculated by dividing the appendicular lean mass (ALM) (g) by total body weight (g) and multiplying by 100. (7, 14) ALM was defined as the summation of both arm and leg lean mass. We decided to use an SMI definition that adjusted for total body weight instead of height (m 2 ) (15) because the latter definition produced unstable estimates as there were too few subjects (n = 15) within the low SMI and Yes NAFLD cell. Similar to a previous study, we defined low muscle mass as 1 SD below the mean SMI value of a young reference group created from this study (353 men, 648 women, 18-40 years old). (16) The low muscle-mass cutoff points were 29.2% for men and 25.1% for women.
Biochemical measurements and metabolic Factors
Fasting venous blood samples were obtained for baseline biochemical analysis. Blood samples were processed following a standardized protocol within 24 hours of collection. Biomarkers, including serum TG, FPG, gamma-glutamyltransferase (GGT), alanine aminotransferase (ALT), and glycated hemoglobin (HbA1c) were measured. High ALT was defined by > 33 IU/L in men and > 25 IU/L in women. (17) Insulin resistance was defined as 2.0 U/L, using the homeostasis model for insulin resistance (HOMA-IR). (18, 19) Diabetes was defined as HbA1c ≥6.5%, and prediabetes was defined as HbA1c between 5.7% and 6.5%. (20) 
Fli Calculation
In this analysis, we used the FLI to estimate NAFLD status. We also excluded moderate to heavy drinkers from the analysis. Moderate drinkers were defined as consuming 14-20 g/day (men) or 7-10 g/day (women) of ethanol. Heavy drinkers were defined as consuming >20 g/day (men) or >10 g/day (women) of ethanol. Ethanol content was derived by the following equation: alcohol quantity (g) × alcohol frequency (times/ day) × % alcohol by volume (ABV) × density of alcohol (0.8 g/mL). We used a validated food frequency questionnaire to obtain detailed quantity and frequency consumption of the following four common alcoholic beverages: beer, yellow liquor, white liquor, and red wine. Yellow liquor and white liquor are common alcoholic beverages consumed in China and thus are often easily identifiable by study participants. We then individually calculated the ethanol content of each of the four beverages and summed them to obtain the total alcohol consumption for each participant. We used an average percentage of ABV for each alcoholic beverage as follows: 5% ABV for beer, 14% ABV for yellow liquor, 46% ABV for white liquor, and 12.5% for red wine.
statistiCal analysis
For descriptive analysis, means and SDs were calculated for continuous variables and counts and percentages were calculated for categorical variables. Differences between the groups according to nonnumerical values were tested by the chi-square test and Fisher exact tests. Normal and non-normal distributions were distinguished visually by histogram plots. Normally distributed values were analyzed by the Student t test, and non-normally distributed values were analyzed by the Mann-Whitney U Test. Bivariate unadjusted regression analyses were conducted to assess the associations of each covariate with NAFLD. Multivariate logistic regression analyses were used to determine independent associations between android fat, muscle mass, and NAFLD. Results of three multivariate models built based on a conceptual model of NAFLD are shown in Fig. 2 . Independent variables for each model were selected on the basis of clinically related risk factors. For instance, model 1 shows the odds ratios (ORs) of NAFLD risk after adjusting for age, sex, and income. Model 2 additionally adjusted for other known NAFLD-related risk factors, such as smoking, ALT, and insulin resistance. Model 3 further adjusted for DXA-related fat-and lean-mass measures to consider the impact of android fat and skeletal muscle mass on NAFLD. Other variables, including MetS, BMI, and WC, were excluded from our models to minimize collinearity with other independent variables and endogeneity with the FLI outcome variable. In both bivariate and multivariate analyses, the outcome measured was Yes NAFLD (vs. No NAFLD; reference group). However, we also conducted sensitivity analyses to evaluate the robustness of the association findings by including Maybe NAFLD individuals in the models (Supporting Table S1 ). For all models, ORs and 95% confidence intervals (CIs) were calculated to examine predictive power and significance of each independent variable within the regression model. All statistical analyses were performed with RStudio 1.0.153 (Boston, MA). P < 0.05 was considered statistically significant (two-sided).
Results
Selected characteristics of the 3,589 subjects by NAFLD status defined by the FLI are shown in Associations of various risk factors with the possibility of NAFLD in both bivariate and multivariate logistic regression models are shown in Table 2 . In unadjusted bivariate analysis, male participants had a 4.2-fold risk of having NAFLD (95% CI, 3.5-5.2) compared to their female counterparts. NAFLD risk was also higher among individuals who currently smoked (OR, 3.9; 95% CI, 3.1-5.0) or quit smoking (OR, 2.9; 95% CI, 2.1-4.0) relative to individuals who had never smoked. Individuals with high serum ALT levels (men >33; women >25) had a 9.0-fold risk of NAFLD compared to those with lower ALT levels, and the risk of NAFLD was also higher among those with insulin resistance (HOMA-IR >2.0 U/L) compared to those without insulin resistance (HOMA-IR ≤2.0 U/L). High AFR (>0.1) was significantly and positively associated with NAFLD (OR, 22.9; 95% CI, 14.3-29.7), while high SMI (>29.1% in men; >25.1% in women) was significantly and inversely associated with NAFLD (OR, 0.2; 95% CI, 0.1-0.2).
In the multivariate analysis, we ran three separate multivariate logistic regression models: model 1 adjusted for various sociodemographic (SES) factors; model 2 adjusted for SES factors and NAFLDrelated risk factors, including smoking, ALT liver enzyme levels, and insulin resistance; and model 3 further adjusted for DXA-derived NAFLD risk factors, such as AFR and SMI. In all models, men had an increased risk of NAFLD relative to women. When adjusted for SES factors, men had a 4.2-fold risk of NAFLD and individuals between 50 and 65 years of 
Lifestyle and genetic factors:
• high-fat, high-sugar diet (data not collected) age had a 1.4-fold risk relative to individuals younger than 50 years. These associations stayed consistent even after further adjusting for smoking, ALT levels, and insulin resistance in model 2. In this model, current smokers had the highest risk of NAFLD compared to those who never smoked (OR, 1.9; 95% CI, 1.4-2.7). Subjects who quit smoking had a 1.4-fold risk of NAFLD relative to those who never smoked (95% CI, 0.9-2.0). Moreover, high ALT levels had a positive association with NAFLD risk, independent of insulin resistance (Table 2) . In model 3, we found individuals with a high AFR had a 10.0-fold risk of NAFLD (95% CI, 5.8-15.5) compared to those with a low AFR. In contrast, individuals with a high SMI had a reduced risk of NAFLD relative to those with a low SMI (OR, 0.1; 95% CI, 0.07-0.13). Risk patterns for the Yes NAFLD group as reported in model 3 persisted even when we included the 983 Maybe NAFLD individuals in the multinomial regression sensitivity analysis (Supporting Table S1 ). The magnitude for the NAFLD risk estimates among the Yes NAFLD group was greater than that for the Maybe NAFLD group.
Discussion
Using data from the WELL China study, we uniquely show that there is an independent positive association of AFR and an inverse association of SMI with NAFLD. It has been debated whether regional adiposity sites are better predictors of cardiometabolic diseases than measures such as BMI and WC. (8) Previous studies have demonstrated that greater WC increases metabolic or cardiovascular risks. (22) However, generalized anthropometric fat measurements, such as WC, cannot distinguish between fat and muscle mass, both of which have structural *P values by Student t test (for continuous variables) or chi-square test (for categorical variables); comparing cases and controls. † n divorced = 25 subjects. ‡ Chinese renminbi (RMB) was converted into US $ based on the average exchange rate in December 2017 (US $1 = RMB 6.6). § MetS defined by having WC ≥90 cm in men and ≥80 cm in women and at least two of the following four factors listed under MetS. Abbreviations: DBP, diastolic blood pressure; HDL, high-density lipoprotein; SBP, systolic blood pressure. and functional differences that contribute to disease risk. (23) In the present study, we used DXA scanning as a way to accurately and precisely measure regional android fat mass and skeletal muscle mass to better understand their associations with NAFLD risk.
Recent studies have shown that high android fat was a major determinant of the development of metabolic and cardiovascular disease risk. (24) NAFLD is thought to be a hepatic manifestation of MetS (25) ; therefore, it is not surprising that we also found a significant positive association between the AFR and NAFLD. Although the pathogenesis of NAFLD is unclear, it is likely that the AFR plays a key role. A possible mechanism may be because android fat stores readily undergo lipolysis and release free fatty acids (FFAs) into the blood to be circulated throughout the body. (26) As a result, the increased concentration of FFAs in the arterial circulation system may increase the risk of cardiovascular disease. Similarly, FFAs exposed to the liver through the hepatic portal system may increase the risk of developing NAFLD. Therefore, certain exercise or dietary interventions targeting decreased android fat may be important in the prevention and management of NAFLD. Insulin resistance has been reported to be an important factor in mediating the progression of NAFLD, primarily due to its strong association with intra-abdominal fat. (6) Studies have found that the accumulation of intra-abdominal fat was positively correlated with liver fat (27) and hepatic insulin resistance in both men and women. (28) In the present study, we found a positive association between insulin resistance and NAFLD independent of abdominal android fat, which is consistent with other studies. In addition to abdominal fat, skeletal muscle is also a target organ of insulin through glucose metabolism. (26) Under normal conditions, muscles respond to changes in insulin levels that lead it to either breakdown or store glucose. However, when cells in the muscle fail to respond normally to insulin, partly due to increased levels of FFAs in the blood, peripheral insulin resistance in muscles results, leading to the reduction of protein synthesis and muscle mass. (26) The independent and inverse association between SMI and NAFLD in this study suggests that having higher skeletal muscle mass might be important when investigating NAFLD. This finding is of great interest and relevance to the Chinese population. Sarcopenia is an age-related disorder that is characterized by the loss of skeletal muscle mass and strength and is a common public health problem in the Chinese population. (29) Some studies have argued that sarcopenia shares several pathophysiologic processes with NAFLD, including that of insulin resistance and chronic inflammation. (7) Similar to the results of our study, Kim et al. (7) also found a significant inverse association between skeletal muscle mass and NAFLD. To better understand the relationship between SMI and NAFLD, further exploration of the mechanism of how an increase in muscle mass and strength may reverse or prevent the progression of NAFLD in individuals with hepatic steatosis is warranted.
We used the widely validated FLI to assess NAFLD status in a large sample in this community-based study. The FLI is a reliable algorithm used in Western populations to predict NAFLD based on WC, BMI, TG, and GGT. (21) It was first proposed by Bedogni et al. (21) and has since been validated by liver biopsy or ultrasonography in various studies of different races, age groups, and ethnicities. (30, 31) Although liver biopsy is currently the gold standard for diagnosing NAFLD, it is invasive and costly, making it less suitable for screening NAFLD in large population studies. Thus, noninvasive scoring indices, such as the FLI, have been developed based on important and relevant risk factors for NAFLD. The FLI was shown to be an accurate and precise predictor for NAFLD in a population of middle-aged and elderly Chinese people from Shanghai, China, which is geographically close to Hangzhou. (30) This suggests that the FLI may be a valuable tool in helping to screen for NAFLD risk in large population studies. For reasons similar to the FLI, we used the widely reported HOMA-IR model as a reliable clinical and epidemiologic tool to detect insulin resistance in our population.
This study has several strengths. First, we collected data from a large number of subjects in two districts in Hangzhou across a wide range of age and education levels with a high response rate. Second, we used DXA to objectively assess fat and muscle mass directly. DXA is an accurate and precise tool for measuring body fat mass. Third, with extensive biomarker and body measurement data, we were able to adjust for several potential confounding factors that were objectively measured, including ALT, diabetes, insulin resistance, and MetS.
Limitations of the study should be mentioned. First, because this was a cross-sectional study, we could not establish temporal relationships and thus causal relationships. Second, subjects with missing data were excluded from our analysis, which might have caused bias if data were not missing at random. Such bias, if any, should be minimal as the extent for each variable is less than 5%. Third, the use of the FLI in this study has several limitations. Although it is widely validated, the FLI does not conclusively define NAFLD, and in this analysis we did not use other techniques, such as abdominal ultrasound (30) or magnetic resonance spectroscopy, (32) to validate each subject's NAFLD status in our cohort. This potentially could have led to diagnostic misclassification. Validation studies of the FLI in other Chinese populations have reported areas under the receiver operating curve (AUROC) ranging from 0.76 to 0.88, (30, (33) (34) (35) but given that we used a higher FLI cut-off value than that recommended for the Chinese population, (33) we expect to have smaller misclassification bias. Furthermore, because our study population is relatively ethnically homogeneous (Han Chinese), we anticipate a higher AUROC of the FLI in this analysis. The use of the FLI in this study to stratify patients is another potential limitation as several of the components that make up the FLI are associated with our predictor variables (e.g., WC, which is part of the FLI, is likely to correlate with the AFR because both are related to abdominal obesity). Future studies may consider including other relevant outcomes, such as the fibrosis-4 index or the NAFLD fibrosis score, to minimize potential correlations between outcomes and predictors. Finally, the lack of viral hepatitis data is a limitation worth nothing. In China, the prevalence of hepatitis C virus is <1% (36) while the prevalence of hepatitis B virus (HBV) is 7%-10%, (37, 38) so it would have been ideal to at least have data on the HBV carrier status in our population study. Furthermore, because those with chronic HBV infection have a higher risk of steatosis, it is possible some subjects in our study had a high FLI score that was related to HBV infection instead of NAFLD. (38) Although the effect of hepatic steatosis on the disease course of HBV and the pathophysiology between HBV and NAFLD are unclear, future studies should measure viral hepatitis and exclude those with viral hepatitis infections to confirm our findings.
In conclusion, android fat mass was independently and positively associated with NAFLD, while muscle mass was independently and inversely associated with NAFLD after accounting for a comprehensive list of covariates. These findings suggest that interventions focusing on decreasing android fat and increasing muscle mass may be important for the prevention and reversal of NAFLD.
